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The Denver basin bedrock aquifers constitute a vital 
source of water for thousands of residents. Increases in 
water demand due to population growth are depleting 
ground-water resources south of the Denver metropolitan 
area. As a result of this growth, water shortages appear 
inevitable in the near future unless some form of 
augmentation is adopted. Artificial recharge was 
identified as a technology which could be used to augment 
the water supply within the basin. In order to assess the 
feasibility of artificial recharge in the basin, computer 
modeling studies were undertaken to study recharge from 
both geochemical and hydrologic perspectives.
The Arapahoe aquifer was identified as the most 
likely aquifer to receive recharged water. Excess 
drinking-quality water available during the winter months 
was identified as a potential recharging source.
The U.S. Geological Survey computer model PHREEQE was 
used to examine potential geochemical problems with 
artificial recharge. While several assumptions were made 
in order to use the model, the computer generated results 
are believed to give a reasonable indication of the 
reactions occurring in the field as a result of recharge.
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This geochemical study can serve as a first estimate in 
choosing the location for an injection well and choosing 
the injection water. This study has not discovered any 
severe geochemical problems associated with injecting 
drinking water into the Arapahoe aquifer.
A modified version of Trescott's (1975) three- 
dimensional, finite-difference, ground-water flow model 
was used to assess the potential hydrologic effects of 
artificial recharge. Augmentation of the water supply in 
the vicinity of the Willows Water District (south of the 
Denver metropolitan area) was evaluated by designing 
recharge scenarios and modeling them with the hydrologic 
model. These simulations provide a means of estimating 
how recharged water will move through the Arapahoe 
aquifer. Based on the results of these simulations, 
artificial recharge into the Arapahoe aquifer in the 
vicinity of the Willows Water District appears to be 
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Increases in water demand due to population growth 
are depleting ground-water resources south of the Denver 
metropolitan area. In this part of the basin, the 
potentiometric surface of one of the bedrock aquifers is 
being drawn down by as much as fifty feet each year 
(Robson, 1984). Recharge of the Denver ground-water basin 
by injection has been proposed as a way to augment water 
supply and decrease these drawdowns. Current knowledge 
suggests that the strategy of injection recharge would be 
successful. Research has indicated the optimum water 
source for recharge water as well as the optimum aquifer 
and location for injection recharge (see Sections 2.3 and 
3.3). Through computer modeling, the long-term 
geochemical and hydrologic effects of artificial recharge 
by injection on the basin were studied.
The objective of this research was to assess the 
long-term geochemical and hydrologic impacts of using 
artificial recharge to augment water supply in the Denver 
ground-water basin. In recent years, it has become 
apparent that some form of augmentation will soon be 
required in order to meet water demands. At this time 
artificial recharge has not been studied from the legal
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perspective in terms of legislating the transferral of 
water rights from the point of injection to the point of 
discharge. Geochemical and hydrologic modeling, such as 
conducted in this research, will assist lawmakers in 
making recharge-specific changes to existing water law.
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2.0 BACKGROUND
2.1 Types of Artificial Recharge
There are two principal methods for performing 
artificial recharge: surface recharge and injection
recharge. Surface recharge includes a variety of methods 
and engineering concepts. Injection recharge requires 
injection wells and facilities to support the movement of 
water to and through these wells. Injection recharge was 
identified (Aikin and others, 1986; Aikin and Turner,
1987) as the best recharge method for the bedrock aquifers 
of the Denver basin.
2.1.1 Surface Recharge
Surface recharge techniques for artificially 
recharging ground water generally involve "water 
spreading", meaning the release of water over the ground 
surface to increase the quantity of water infiltrating 
into the ground and reaching the water table (Todd, 1987). 
Surface recharge is only effective for recharging 
unconfined or "water-table" aquifers. The recharge effect 
can be intentional, as when facilities are designed 
specifically to recharge a water table aquifer, or
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unintentional, as in the case of excess irrigation which 




- ditches and furrows
- flooding
- irrigation
- pits and shafts (Todd, 1987).
Surface recharge methods are effective only if 
several conditions are met. There must be sufficient 
storage capacity for the recharge water between the water 
table and the ground surface. Percolation rates must be 
sufficient for the recharge water to reach the water table 
in a reasonable period of time. The subsurface geology 
must permit water to move downward and laterally away from 
the surface recharge site. Once these conditions are 
satisfied and an available water supply is identified, 
surface recharge becomes possible (Todd, 1987).
2.1.2 Injection Recharge
Injection wells are used to recharge deep aquifers 
directly. While surface spreading methods face problems 
from clogging the base of the spreading area, injection 
wells face more complicated clogging problems due to their 
depth and the relatively small area of the well screen.
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The chemistry of the injection water, the aquifer water, 
and the aquifer rock are concerns. Chemical reactions can 
occur to varying degrees between the injection water and 
the aquifer water and between the injection water and the 
aquifer rock. These reactions could result in the 
formation of precipitates which would permanently clog an 
injection well and the surrounding aquifer. These 
reactions could also result in dissolution of the aquifer 
rock.
The hydrologic characteristics of the aquifer 
receiving the injected water are also a major concern. 
There must be adequate storativity available for the 
injected water. The transmissivity, flow rates, and 
ground-water flow directions of the aquifer must be 
adequate to allow the injected water to move away from the 
injection well (Todd, 1959a).
2.2 Previous Work on Artificial Recharge
Recently several books have been published on the 
topic of artificial recharge. Asano (1985) edited a 
collection of articles concerning ground-water recharge 
with reclaimed wastewater, ground-water recharge 
operations, and the fate of micropollutants during 
recharge. O'Hare and others (198 6) describe the concepts
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of artificial recharge and include methods for site 
selection and evaluation as well as an annotated 
bibliography on the subject. A progress report and a 
completion report were written to fulfill grant 
requirements for the artificial recharge research at the 
Colorado School of Mines (CSM) (Aikin and others, 1986; 
Aikin and Turner, 1987). Both of these reports focused on 
identifying the water sources available for recharge and 
the geochemistry of injection recharge in the Denver 
basin. Recently an increasing number of conferences and 
seminars have been conducted on the topic of artificial 
recharge (Resource Seminars in Water Resources, 1987;
Salt River Project, 1987). Several annotated 
bibliographies are available covering different time spans 
(Todd, 1959b; Signor and others, 1970; Knapp, 1973; NTIS, 
1987). The large number of existing publications 
demonstrates that the topic of artificial recharge is 
becoming one of increasing concern in this country, 
especially in the arid and semiarid western states.
2.2.1 Research Related to the Denver Ground-Water basin
Within the State of Colorado, artificial recharge 
studies have been conducted in northeastern Colorado and 
in Colorado Springs (Taylor, 1975; Jenkins and Hofstra,
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1969; Emmons, 1977; Warner and others, 1986). These 
studies have concentrated on pit and surface recharge 
rather than injection recharge. Previous research at CSM 
has focused on the Denver basin with the emphasis on 
identifying sources of injection water and studying the 
geochemistry of artificial recharge (Aikin and others, 
1986; Aikin and Turner, 1987).
The 1985 Urban Storm Runoff Quality Control 
Conference (American Public Works Association, 1985) 
included several sessions which were applicable to 
artificial recharge in the Denver basin. Session II of 
the conference included discussions on controlling 
phosphate levels in the Cherry Creek reservoir and 
drainage basin through the use of detention ponds. 
Approximately thirty such ponds are proposed at locations 
throughout the drainage basin, generally at the junctures 
of tributaries to Cherry Creek. Each pond would trap 
urban runoff and remove phosphorus as well as suspended 
particulates. Water tapped from the pond outflow could be 
routed to a nearby recharge well and injected to recharge 
the bedrock aquifer. This procedure would utilize 
previously unused and unappropriated runoff water.
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Artificial recharge by injection is being field- 
tested within the Denver basin by the Willows Water 
District. The District is located in the southeastern 
Denver metropolitan area. Arapahoe aquifer water which 
has been treated to attain drinking water standards was 
used as the source water to be injected into wells in the 
Arapahoe aquifer. More field tests have been proposed by 
the District to correct some of the early problems and to 
further explore the efficiency of injection recharge. The 
scenario of injecting drinking-quality water into the 
Arapahoe aquifer was researched through the CSM project as 
well.
2.2.2 Comparison of Current Study with Previous Studies
Many examples of artificial recharge studies can be 
found in the current literature (see Section 2.2.1).
While the on-going research into artificial recharge at 
CSM (Aikin and others, 1986; Aikin and Turner, 1987) has 
built on this knowledge, it has also shifted the focus 
from that found in previous studies in the following ways 
(see Table 1). Other studies of artificial recharge sites 
have concentrated on unconfined and alluvial aquifers 
(Taylor, 1975; Warner and others, 1986), whereas the CSM 
studies have bedrock aquifers as their primary focus.
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Table 1. A comparison between the orientations of
previous recharge studies and studies at CSM.
Previous Work
unconfined bedrock and 
alluvial aquifers
all of northeastern Colorado
pit recharge is primary 
recharge method
models use hydrologic 
and physical constraints
CSM Research
confined and unconfined 
bedrock aquifers
restricted to the Denver 
basin
injection recharge is 
primary recharge method
model considers geochemical, 
geologic, and 
climatological as well as 
hydrologic constraints
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All of northeastern Colorado previously has been 
considered as opposed to restricting and concentrating 
research on the Denver basin. Historically, pit recharge 
has been the principal recharge method employed. The CSM 
research focused primarily on injection wells and on the 
constraints involved with this approach. Past studies 
have utilized computer models which accounted for 
hydrologic and physical variables. For the CSM studies, 
the computer model used to assess the geochemical 
viability of injection recharge considered geochemical and 
geological constraints as well. The model used to assess 
the hydrologic viability of injection recharge considered 
hydrologic, physical, and climatological variables. Table 
1 compares these differences between past studies and the 
research at CSM.
2.3 Geologic and Hydrologic Setting 
of the Denver Ground-Water Basin
The Denver ground-water basin covers a 6700 square 
mile area extending from the Front Range of the Rocky 
Mountains eastward to Limon and from Greeley in the north 
to Colorado Springs in the south (see Fig. 1). The 
ground-water basin is part of the larger Denver structural 
basin that extends from Colorado into western Nebraska,
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Kansas, and eastern Wyoming. This basin was formed during 
the late Cretaceous and early Tertiary time.
Structurally, the basin is asymmetrical, with steeper 
dipping beds to the west and a thicker sequence of rocks 
in the south (see Fig. 1). The deepest part of the basin 
underlies the City and County of Denver where more than
13,000 feet of sedimentary rocks ranging in age from 
Pennsylvanian to Paleocene are present (Costa and 
Bilodeau, 1982). Data quantifying the water resources 
within the Denver basin were compiled by Robson (1983; 
1984). Publications are also available which discuss the 
geologic structure, hydrology, and water quality of the 
individual bedrock aquifers (Robson and Romero, 1981a; 
1981b; Robson and others, 1981a; 1981b).
2.3.1 Climate
The Denver basin has a semiarid continental climate 
with 50 to 70 inches of mean annual potential evaporation 
and only 11 to 18 inches of mean annual precipitation 
(Robson, 1984). Based on this range in precipitation 
rate, an average of 5.0 million acre-feet of water enters 
the basin every year. Most of this water is lost through 
evaporation, transpiration, and runoff, and less than one 





































































Annual precipitation for four cities found within the 
Denver basin is shown in Figure 2. The mid-line drawn 
through the plots for each city is the mean annual 
precipitation for that city. Mean annual precipitation is 
computed as an arithmetic average of all previous 
precipitation records. This value is different from 
normal annual precipitation, which is usually taken as a 
mean of the past thirty years. Both the mean and the 
normal continuously change with time, as they are derived 
from alternate short periods of above average and below 
average precipitation. Figure 2 shows that precipitation 
rates are variable from year to year as few years approach 
the mean very closely due to yearly climatic variability 
(Hansen and others, 1978).
Climatologic patterns in the basin consist of cyclic 
alternating periods of "wet" and "dry" years. This cyclic 
pattern will be important to planning a pattern of 
artificial recharge within the basin. Water injected 
during the wet periods can be held as a reserve against 
the next dry period. Water may not be available for 
injection recharge during dry periods when all available 
water is required to meet the existing demands.
The existence of larger reservoir storage capacities 
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Figure 2. Precipitation records for Fort Collins, Boulder, 
Denver, and Colorado Springs (Hansen and others, 
1978) .
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within such seasonal and yearly fluctuations. At this 
time, reservoir capacities are not available which would 
allow for artificial recharge. The decision to divert 
existing water reserves in the reservoirs must be made in 
late fall when the existing demands on the system have 
dropped, but before the winter snow accumulations have 
occurred. In order to assure adequate supplies for the 
following summer, the reservoirs must be large enough to 
hold supplies for the next summer plus the volume of water 
to be recharged.
2.3.2 Hydrologic Setting
Ground water in the Denver basin is obtained from 
five separate hydro-geologic units. While these units 
generally correspond to the lithologic formations found in 
the basin, the correspondence is not exact. This results 
in the borders between the aquifers being related to, but 
not exactly the same as the formation divisions. The 
units, going from oldest to youngest, are:
1) the Laramie - Fox Hills aquifer;
2) the Arapahoe aquifer;
3) the Denver aquifer;
4) the Dawson aquifer; and,
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5) the Quaternary alluvial aquifer (see Figs. 1 
and 3).
For the purposes of this project, the Arapahoe aquifer 
(number 2) received the most study.
2.3.3 The Arapahoe Formation and Aquifer
The Arapahoe Formation consists of 400 to 700 feet of 
interbedded conglomerates, sandstones, siltstones, and 
shales. The Upper Cretaceous Arapahoe Formation occurs 
stratigraphically below the Denver Formation and above the 
Laramie Formation (see Fig. 1). The Arapahoe Formation is 
distinguished from the adjacent formations by a larger 
proportion of conglomerate and sandstone with respect to 
shale, the absence of significant carbonaceous beds, and 
an overall lighter color. Individual conglomerate and 
sandstone beds are generally lens-shaped, moderately 
consolidated, and range in thickness from a few inches to 
30 to 40 ft. In some places, these beds are closely 
spaced and form a single hydrologic unit that is 2 00 to 
300 ft thick (Robson, 1984).
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Figure 3. Location and extent of the bedrock aquifers 










Major and others (1983, p. 5) give the following 
description of the Arapahoe Formation:
Sandstone, conglomeratic sandstone, shale and 
siltstone. Light gray to pale orange and 
grayish-yellow, fine- to coarse-grained quartzose 
sandstone and conglomeratic sandstone with 
interbeds of light gray, light brown, and 
yellowish-gray shale and siltstone. Reddish- 
brown iron staining is common. Sandstones and 
conglomerates are lenticular but are closely 
spaced and cover large areas; the horizons 
frequently exceed 250 feet in thickness.
Figure 4 shows a potentiometric surface for the 
Arapahoe aquifer based on 1978 measurements (Robson,
1984). A major trough occurs in the potentiometric 
surface along the South Platte River. Water from the 
north and west drain into this trough. The trough has 
been deepened and expanded during the past 100 years by 
ground-water withdrawals from flowing wells and pumpage 
(Robson, 1984). Along the southern, eastern, and 
southeastern edges of the aquifer, water is flowing toward 
the aquifer margins. In most of the eastern section of 
the aquifer, water is flowing toward the north (Robson, 
1984) .
Water movement within the Arapahoe aquifer is 
principally lateral (see Fig. 5). Recharge to the aquifer 
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Figure 4. Potentiometric surface of the Arapahoe aquifer 
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movement of water percolating from the overlying Denver 
aquifer. Using computer simulation to develop a 
transient-state twenty-year budget for the Arapahoe 
aquifer, Robson (1984) calculated recharge from 
precipitation to be 41,000 acre-feet, and net interaquifer 
flow to be 77,000 acre-feet. Discharge from the aquifer 
occurs through surface discharge to drainages, downward 
percolation to the Laramie-Fox Hills aquifer, and pumpage. 
Downward percolation is limited by the 4 00 to 500 feet of 
low-permeability materials that overlie the water-bearing 
portion of the Laramie Formation.
When pumping from the Arapahoe aquifer began in the 
early 1880's, artesian conditions existed. Water levels 
rapidly declined, as shown in Figure 6. Between 1958 and 
1978, water levels declined 250 feet or more under some 
parts of the City of Aurora. Water levels rose 2 00 feet 
under parts of Denver during the same period due to 
decreased use of wells in that area. In 1981, the average 
water level declines in the aquifer were 15 ft/yr (Robson, 
1984). More recently, declines have increased to 50 ft/yr 
(Robson, 1984). As of 1981, the aquifer was tapped by 
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The Arapahoe aquifer is the primary source of water 
for the Denver suburban area and for rural areas of 
central Adams and El Paso Counties, east Elbert County, 
and parts of Arapahoe County (Robson, 1984). This is 
because of its accessibility, high productivity, and good 
to excellent water quality. Because of the basin 
configuration, part of the aquifer occurs under water 
table conditions and part occurs under confined 
conditions, as shown in Figure 7. The thickness of the 
aquifer averages 100 ft but is as thick as 300 ft.
Reported hydraulic conductivities range from 0.5 ft/day to 
7 ft/day, with transmissivities ranging from 0 at the edge 
of the aquifer to 15,700 gpd/ft (Robson, 1984).
Robson (1984) reports that porosity in the Arapahoe 
aquifer ranges from 12% to 46% with a mean of 30%, based on 
laboratory analysis of 33 samples. Specific yields, based 
on a laboratory analysis of 25 samples, range from 3.3% to 
33%, with a mean of 16%. Estimated storativities range 
from 0.0002 to 0.0008 (see Fig. 7). Water reserves stored 
in the aquifer are estimated at 150 million acre-ft with 
80 million acre-ft of water recoverable (Robson, 1984) .
Water in the Arapahoe aquifer is generally of good 
quality and meets the drinking water standards of the 
Denver Board of Water Commissioners (1985) and the
ARTHUR LAKES LIBRARY 
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Figure 7. Confined storage coefficient of the Arapahoe
aquifer and location of water table and confined 
conditions (after Robson, 1984).
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Environmental Protection Agency (EPA) (Robson and others, 
1981a). The water is classified as a sodium-bicarbonate- 
type, with calcium-bicarbonate-type water occurring in the 
aquifer at scattered locations (Robson, 1984). At some 
margins of the aquifer, sodium-sulfate-type water occurs, 
mainly due to recharge from the overlying Denver aquifer. 
Table 2 lists water quality analyses for selected water 
samples, along with an average value compiled for the 
aquifer.
Dissolved sulfate concentrations vary from 5 to 249 
milligrams per liter (mg/L) under parts of Denver and 
Lakewood, with 1,000 mg/L or more on the eastern edge of 
the aquifer, and as much as 1,500 mg/L near the northern 
margin of the aquifer. Dissolved solids concentrations 
are highest along the eastern margin (greater than 2,000 
parts-per-million (ppm)), where water is moving toward the 
aquifer edges. Total dissolved solids are lowest in the 
central part of the aquifer, near the source of recharge 
from the overlying Denver aquifer. Water hardness is 
highest in areas where high sulfate concentrations occur. 
In the central part of the aquifer, water is classified as 
soft. Dissolved iron concentrations generally range from 
20 to 200 micrograms per liter (ug/L), with concentrations 
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(Robson and others, 1981a; Robson, 1984). Iron forms 
insoluble precipitates, chiefly ferric hydroxide Fe(OH)3, 
when exposed to oxidized ground waters under normal pH. 





Figure 8 shows the conceptual design for this 
research. Five major steps were required. The first step 
was to identify the requirements for a successful recharge 
project (see Section 3.2). The second step was to 
identify potential sources of recharge water which could 
be used to recharge an aquifer (see Section 3.3). As a 
third step, geochemical assessment was performed using the 
identified source and a U.S. Geological Survey computer 
model (see Chapter 4). As a fourth step, hydrologic 
assessment of artificial recharge was performed using a 
modified U.S. Geological Survey model (see Chapter 5). 
Finally, the results of the research and modeling were 
evaluated to assess the potential impacts of artificial 















Potential Sources of 
Surface and Ground Water
HYDROLOGIC ASSESSMENT
-construct baseline input file 
-construct recharge input file 




-obtain chemical analyses of Arapahoe 
aquifer water from WATSTORE 
-obtain chemical analyses of drinking 
water ranges 
-model mixing effects using program 
PHREEQE
Figure 8. Conceptual design of the CSM artificial recharge 
study.
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3.2 Requirements for Successful Recharge 
Projects
There are several requirements which must be met for 
a given location to be an acceptable recharge site (Public 
Law 98-434, 1983). These requirements are:
1) an available surface water supply; and,
2) the presence of a declining water table or 
potentiometric surface which provides adequate 
storage capacity or storativity.
Other important criteria include:
1) the current and future land usage patterns at the 
prospective installation;
2) the public acceptability of the program; and,
3) the lack of serious environmental problems. 
Deficiency in any one criterion should not necessarily 
permanently preclude artificial recharge planning, as 
conditions can change within a relatively short period of 
time. Initial development and construction of artificial 
recharge systems should be in locations where all criteria 
are favorable. A summary of the available recharging 
waters, storativity, and land usage patterns will allow 
site delineation within the Denver ground-water basin. 
Identification of available recharging water sources is 
discussed in section 3.3.
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The existence of adequate storativity within the 
aquifer can be used to give a rough areal approximation of 
where initial development could occur. By charting 
occurrences of ground-water depletion, it is possible to 
determine where adequate storativity exists. Based on 
this analysis, the main area of bedrock aquifer depletion 
exists in the southwest central portion of the basin just 
south of the Denver metropolitan area. Depletion exists 
in the unconfined northern aquifers as well.
Correlations can be made between aquifer declines and 
current land usage. In the southwestern region, depletion 
of confined aquifers is directly related to urbanization, 
while in the northern region, depletion of the unconfined 
aquifers is due primarily to irrigation. Trend patterns 
for land utilization into the year 1990 indicate that 
present day agricultural lands will be replaced by 
urbanized areas as contiguous development spreads 
throughout the Front Range.
3.3 Identification of Potential Sources 
of Recharge Water
In Colorado, appropriation is the method used for 
determining water rights. People with the oldest water 
rights must be satisfied before more recent claims will be
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considered. Identifying unclaimed sources is a problem. 
Furthermore, the quality of water already in an aquifer 
cannot be degraded through the injection of recharging 
water.
Much research has been done on the design of 
artificial recharge systems when the recharging water 
source is known. However, little has been published on 
the selection of a water supply where the identification 
of surplus water sources is difficult. Under-utilized 
water resources are not obvious within the Denver basin, 
and finding water for artificial recharge becomes a hurdle 
to any design specification.
Water in both the South Platte and the Arkansas 
Rivers is bound by interstate compacts. Reservoirs exist 
within the basin; however, most of this water is already 
used to meet relatively short-term water-supply needs. 
Satisfying these needs through artificial recharge would 
be inefficient.
Once the unattainable water sources have been 
identified and discarded, several more subtle sources 
remain. In order of potential importance, these are:
1) Municipal drinking water: This refers to the
excess water in the Denver treatment system during the 
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fluctuations in water demand. The plot begins in January 
and shows the highest demand during the summer months of 
July and August. Since water supply facilities are built 
to meet peak demand, they are idle during the rest of the 
year (Denver Water Department, 198 6). This seasonal 
fluctuation results in the potential for having excess 
treatment capacity available during the off-peak months, 
provided adequate source supplies exist. This excess 
could be recycled through artificial recharge.
2) "Urban" storm waters: Urbanization decreases the
natural infiltration rates and thereby increases runoff 
above that experienced in an undeveloped environment.
This "surplus" runoff could be retained and used as an 
injection source. In effect, the artificial recharge 
system is compensating for reduced natural infiltration.
Between 1975 and 1977, urban storm-runoff data were 
collected in the Denver metropolitan area (Ellis, 1978). 
Arsenic, copper, iron, lead, and zinc were detected at 
sufficient concentrations to be of potential concern for 
any use of runoff as recharge water (Ellis, 1978) . A 
problem is that the particulate phase is considerably more 
prevalent than dissolved components. This suggests that 
runoff water would need to be treated to at least 
drinking- quality water standards prior to injection
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recharge. For this reason the chemistry of runoff water 
was not included in subsequent modeling attempts.
3) Industrial heating/cooling water: Various 
industrial processes use water for temperature control. 
This thermally polluted water could be treated and re­
injected if sufficient quantities are available to make 
the operation feasible.
4) Treated municipal wastewater: Excess water which
has received tertiary treatment could be used as a 
recharge source. El Paso, Texas is operating such a 
system (Resource Seminars in Water Resources, 1987). This 
potential source was identified in the progress report for 
this research (Aikin and others, 1986). Public acceptance 
may be a problem with utilization of this particular 
source. As with the other sources, any recharge water 
would need to be treated to high standards before 
injection.
From this analysis of potential sources, only the 
first source, municipal drinking water, is a possible 
recharging source due both to considerations of chemical 
quality and potential availablility. In many instances, 
the transport structures required to move this water from 
its source to an injection facility are already 
substantially in place.
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4.0 GEOCHEMICAL ASSESSMENT OF ARTIFICIAL RECHARGE
Injection recharge can physically and chemically 
modify the geologic materials of the recharged aquifer. 
These modifications are dependent upon the chemistry of 
the host and injected waters as well as the mineralogy of 
the aquifer rock. Chemical analyses of water in the 
Arapahoe aquifer are available (see Table 2); however, 
similar analyses of the aquifer rock are not. In order to 
assess the geochemical effects of artificial recharge on 
the Arapahoe aquifer, possible chemical reactions between 
the injected and the aquifer waters were evaluated using a 
geochemical computer model (PHREEQE), developed by the 
U.S. Geological Survey (Parkhurst and others, 1980). Due 
to the unavailability of chemical data for the aquifer 
rock, only potential reactions between the injection water 
and the aquifer water were modeled using the computer 
model PHREEQE. The results of these simulations confirm 
that the Arapahoe aquifer is a good candidate for 
injection recharge. No geochemical problems appear to 
exist which would prevent the use of drinking-quality 
water to recharge the Arapahoe aquifer.
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4.1 Methodology
The scenario of recharging the Arapahoe aquifer with 
drinking-quality water was developed during the previously 
described evaluations of potential water sources and known 
areas of depletion. The results from PHREEQE were used to 
identify and predict geochemical processes and potential 
problems associated with injection recharge of drinking- 
quality water into the Arapahoe aquifer. As described in 
section 2.2, this design is being field-tested within the 
Denver basin by the Willows Water District; however, the 
geochemical results of these tests remain proprietary.
The chemistry of drinking-quality water and Arapahoe 
aquifer water had to be characterized for use in PHREEQE. 
"WATSTORE" is a database maintained by the U.S. Geological 
Survey. The database contains the results of chemical 
analyses from water samples collected from wells 
throughout the basin. The analyses are designated by 
aquifer.
A search of the WATSTORE database identified thirty- 
nine analyses for water from wells tapping only the 
Arapahoe aquifer. These analyses were evaluated using two 
criteria. The first criterion was completeness of the 
analysis - i.e., had the sample been analyzed for all of
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the applicable constituents. The second criterion was the 
charge imbalance.
To determine charge imbalance, the weighted number of 
positive and negative ions in a solution are totaled and 
compared. Since solutions must be electrically neutral, 
the imbalance is theoretically zero. Deviations from zero 
occur if an important constituent has not been included in 
the analysis, or if an error was made in the analysis. A 
range of plus or minus three percent was deemed acceptable 
for the charge imbalance.
Nine of the thirty-nine analyses met these criteria 
and were selected for input into PHREEQE. Comparison with 
the thirty-nine Arapahoe aquifer analyses suggests that 
the nine chosen samples are representative of the Arapahoe 
aquifer geochemistry; however, the chemistry of water in 
the Arapahoe aquifer varies throughout the basin, so the 
end members were not necessarily tested in this study. In 
addition to the nine values selected, the analyte 
concentrations for the nine samples were also averaged to 
create a tenth "average11 sample (see Table 2) .
The chemistry of drinking water is set within a given 
narrow range by federal regulations (see Table 2). The 
two end members of this range (identified as the MAX and 
the MIN samples) were each combined with each of the ten
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Arapahoe aquifer water samples.
4.2 Description of PHREEQE
PHREEQE is a computer program designed to model 
geochemical reactions that occur in ground-water systems. 
The acronym PHREEQE stands for "pH-redox-equilibrium- 
equations". The original program was designed by U.S. 
Geological Survey personnel. A manual is available 
through the Survey which provides the original code for 
the program as well as a summary of the basic chemical and 
thermodynamic concepts and assumptions involved in 
PHREEQE (Parkhurst and others, 1980). Many variations on 
the original program have been written to deal with 
specific problems or situations. For this CSM research, 
the original program was modified for IBM microcomputers 
(Kooper, 198 6).
PHREEQE has the capability to simulate three types of 
reactions:
1) the reactions occurring when reactants are added 
to a solution;
2) the reactions occurring when one solution is 
titrated by another; and,
3) the reactions occurring when two or more solutions 
are mixed (Parkhurst and others, 1980).
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For this project, the mixing capability of the program was 
used to predict if precipitation or dissolution of 
minerals would be a problem for particular combinations of 
injection and aquifer waters.
The model is based on an ion-pairing aqueous model, 
and is capable of calculating pH, redox potential, and 
mass transfer as a function of reaction progress 
(Parkhurst and others, 1980). The model calculates pH, pE 
(a quantity directly related to Eh or oxidation 
potential), total concentration of elements, distribution 
of aqueous species, and saturation state of the aqueous 
phase with respect to specified mineral phases. This 
model was used because of its provision for mixing 
separate solutions in proportions specified by the user.
The model defines each solution separately, and then 
defines the saturation indices of the compounds that may 
be contained in the specified mix. The saturation index 
of a compound is a measure of how close the compound is to 
equilibrium with the rest of the solution. If a compound 
has an index of zero, it is saturated with respect to the 
solution; if the index is positive, the compound is 
supersaturated; and, if the index is negative, the 
compound is undersaturated.
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When the program models the reactions occurring when 
two solutions are mixed, chemical analyses are required 
for the solution components. The type of data needed 
includes pH, pE, temperature, and the concentrations of 
the elements present in the solution. These data are 
entered into the program along with the proportions of the 
two solutions to be mixed. From the computer-generated 
results, the user can identify those minerals which are 
most likely to precipitate or dissolve for a given 
mixture. In the case of artificial recharge, those 
minerals which could precipitate and clog a well or 
aquifer are of primary concern.
4.3 Limitations of PHREEQE
There are limitations inherent in the use of computer 
simulations of natural water systems. While the program 
solution is unique, it may not be representative of the 
actual system. Mineral phases may exist in the natural 
system that are not included in the data base. The 
reverse could also be true, mineral phases may be included 
in the data base which are not found in the natural 
system. The most fundamental limitations lie in the input 
chemical data itself. Assumptions had to be made when 
data required by the program were missing from the
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available analyses.
Nitrogen was listed in the analyses as nitrate- 
nitrite. Due to the reducing conditions found in the 
aquifer, relative to surface water, nitrogen would 
probably exist as ammonia rather than a nitrate-nitrite; 
however, the amounts under consideration are small.
Analyses of aquifer water samples do not include 
aluminum, which is important for predictions concerning 
clay minerals. While aluminum should be present in 
aquifer waters, the low charge imbalance indicates that if 
it is actually present, the concentrations are very small.
The chemical analyses of aquifer water provided by 
the U.S. Geological Survey WATSTORE database did not 
include Eh, or the associated pE, measurements. Eh is a 
measure of the oxidation potential of a reaction and is 
directly related to pE by the following equation (Garrels 
and Christ, 1965):
pE = Eh/0.0592 (1)
PHREEQE requires the pE of each of the solutions to be 
mixed in order to simulate the reactions occurring during 
mixing. With Eh missing from the provided chemical data, 
approximations had to be made.
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Since the iron in the samples was not given in 
species form, the assumption was made, based on pH, that 
the principal iron reaction involves the formation of 
amorphous ferric oxyhydroxide from ferrous iron as the 
aquifer water becomes oxidized during mixing. From the 
Eh-pH diagram for the system iron-water-oxygen (see Fig 
10), ferric oxyhydroxides are converted to ferrous iron by 
the following half reaction:
Fe(OH)3 + 3H+ + e“ = Fe2+ + 3H20 (2)
Based on the relatively low levels of iron in 
drinking quality water, the solution cannot be dominated 
by iron, so equation 2 is not the only control of the 
solution pE (Langmuir and Whitcombe, 1971). However, 
based on the pH, the iron in the Arapahoe aquifer water 
exists in the form of ferrous iron and is converted to 
ferric oxyhydroxides as mixing with the oxygenated 
injection water occurs. Therefore, the iron chemistry is 
controlled by equation 2. This understanding was used in 
estimating pE's for the chosen solutions.
The estimation of pE is potentially the weakest step 
in the geochemical calculations. Accordingly, a 
sensitivity analysis was performed using the average 








1.0 -  -
Fe(OH);
0.5 -  -
Ferric
Oxyhydroxides
Fe(OH)2(s)-0 .5  —
FeOH
Figure 10. Eh-pH diagram for the system Fe-H20-02
(Langmuir and Whittenmore, 1971).
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that changes in pE over ranges greater than shown on the 
Eh-pH diagram (see Fig. 10) have little effect on the 
resulting chemistry of the two solutions or of the final 
mix. The minerals showing the most impact during the 
sensitivity analysis were those containing iron, an Eh 
sensitive element, but one which fortunately is present in 
low concentrations. Therefore, while these minerals are 
theoretically possible, they are relatively minor 
constituents in the aquifer. Based on the above analysis, 
the assumptions involved in estimating pE values were 
considered acceptable for this research.
A 1:1 mix of aquifer water and treated water was 
assumed during the simulations. It is assumed that this 
mixing ratio will occur at some distance from the 
injection well, within the aquifer. Varying the mixing 
ratio merely allows comparisons of saturation states at 
different points in the injection process.
A way to avoid the necessity for the described 
assumptions would be to acquire more complete Arapahoe 
aquifer chemical data. Collection of such data would 
require a significant expenditure of time and money.
Sample collection and analysis following strict procedures 




The computer program PHREEQE produces information 
concerning the saturation states of the components of 
solutions before and after mixing. As indicated 
previously, these saturation indices can be positive or 
negative. Values close to zero indicate saturation, 
negative values indicate undersaturation, and positive 
values indicate supersaturation. Differences in these 
values from unmixed to mixed waters indicate that 
reactions are occurring as a result of mixing.
Tables 3 and 4 summarize the changes indicated by 
PHREEQE that occur due to the mixing of Arapahoe aquifer 
water with drinking-quality water over the allowable range 
of chemical values. Table 3 summarizes the changes when 
the drinking-quality water containing the lowest 
concentrations is used; called for convenience, "Minimum 
drinking-quality water". Table 4 summarizes the changes 
when the drinking-quality water containing the highest 
concentrations is used? called "Maximum drinking-quality 
water" for convenience.
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A -1 A 2 A-3 A-4 A-5 a -6 A -7 A -8 A-9 AVG
c a lc i  te ss SS SS SS c a lc i  te
d o lo m ite SS dolomi te
s id e r i  te 0 0 s id e r i  te
rh o d o ch ro s ite rhodochrosi te
gypsum 0 gypsum
h y d ro x y a p a tite SS hydroxyapat i te
f lu o r i t e SS SS f lu o r i  te
chalcedony s s s S 0 chalcedony
q u a rtz SS q u a rtz
g ib b s ite g ib b s ite
k a o l in i t e k a o l in i t e
s e p io l i t e ss s e p io l i t e
h e m a tite - h e m a tite
g o e th ite SS SS g o e th ite
FeOH3a
1
1 • SP P FeOH3a




P« -0 .0 6  j -0 .0 5 0 .0 7 -0 .0 4 0 .0 7 0 .0 7 0 .0 9 0 .0 5 0 .0 6 0 .0 3 pH
pE - 2 .7 7  | -2 .5 5 -3 .3 9 0 .9 5 -1 .1 7 - 2 .5 0 3 .5 3 0 .4 7 -3 .4 8 3 .6 2 pE
Act H20 0 j 0 0 0 0 0 0 0 0 0 Act H20
io n ic  s tre n g th
i
-0 .0 0 3 0  j -0 .0 0 4 0 -0 .0 0 5 0 -0 .0 0 5 0 -0 .0 0 8 0 -0 .0 1 9 0 -0 .0 0 9 2 -0 .0 0 6 1 -0 .0 0 3 4 -0 .0 0 7 3 io n ic  s tre n g th
temp C C) - 9 .0 - 7 .5 8 .5 -9 .5 - 5 .5 - 6 .0 - 8 .3 -1 0 .8 -7 .5 -8 .1 temp ( C)
LEGEND: SP=strong precipitation P=precipitation O=dilution
S=dissolution of rock matrix SS=strong dissolution of rock matrix
Table 3. Changes in saturation indices due to mixing
Arapahoe aquifer water with the Minimum drinking 
quality water.
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A -1 A-2 A-3 A-4 A-5 A-6 A-7 A-8 A-9 AVG
c a lc i te c a lc ite
dotomi te P SP SS dolom ite
s id e r ite 0 0 s id e r ite
rhodochrosi te rhodochros i te
gypsum 0 gypsum
hydroxyapati te P SP hydroxyapatite
f lu o r i t e S SS ftu o r i te
chalcedony s S s P chalcedony
q u a rt* quartz
g ib b s ite g ib b s ite
k a o lin ite k a o lin ite
s e p io l ite ss s e p io l ite
hem atite hem atite
g o e th ite g o e th ite
FeOH3a P p SP SP SP SP FeOH3a
v iv ia n i  te v iv ia n ite
pC02 pC02
pH 0.03 -0 .0 3 0 .10 -0 .0 5 0 .05 -0 .0 3 0 .09 -0 .1 0 0 .0 3 0 .05 pH
PE 0.11 0 .13 -3.27 0 .4 6 -0 .5 9 -2 .6 0 3.04 -0 .5 0 0 .5 8 3 .4 6 PE
Act H20 0 0 0 0 0 0 0 0 0 0 Act H20
io n ic  strength -0.0020 -0 .0900 -0 .0040 -0 .0030 -0 .0 0 6 0 -0 .0180 -0 .0 078 -0 .0 0 4 7 -0 .0 0 1 8 -0 .0 0 5 8 io n ic  strength
temp ( C) 0 .5 3 .0 2 .0 1 .0 5 .0 4 .5 2 .3 -0 .3 3.0 2 .5 temp ( C)
LEGEND: SP=strong precipitation P=precipitation O=dilution
S=dissolution of rock matrix SS=strong dissolution of rock matrix
Table 4. Changes in saturation indices due to mixing
Arapahoe aquifer water with the Maximum drinking 
quality water.
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In order to more clearly illustrate the predicted 
trends resulting from mixing, Tables 3 and 4 show codes 
rather than the numerical values of changes in saturation 
indices computed by PHREEQE. This approach appears 
justified for two reasons:
1) the existence of trends is more clearly 
identified; and,
2) the absolute accuracy of the changes in saturation 
indices may be questionable.
The accuracy of the computation of a change in these 
indices depends on the accuracy of assumptions concerning 
the two indices (before and after mixing). As discussed 
previously, these computations depend on several 
assumptions. Accordingly, the significance of the actual 
numbers is probably less than the relative magnitude of 
their change and its sign. The actual values could serve 
to give a false sense of precision to the interpretation. 
The actual data printouts produced by PHREEQE have been 
published in Completion Report Number 14 6 (Aikin and 
Turner, 1987).
As shown by a key at the bottom of Tables 3 and 4, a 
series of six possible codes were found appropriate, as 
follows:
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SP - strong possibility of precipitation, the 
constituent is becoming supersaturated;
P - possibility of precipitation, the
constituent is becoming supersaturated;
D - dilution, constituent is being diluted;
S - possiblity of dissolution;
SS - strong possibility of dissolution; 
blank - no noticeable change.
Dissolution (values of S or SS) would be advantageous 
for minimizing aquifer plugging. This is the case for 
almost all mixtures of "Minimum drinking-quality water" 
with Arapahoe aquifer water.
Precipitation (values of P or SP) could be a problem 
in that permanent aquifer plugging could result.
Potential plugging is indicated with some mixtures of 
"Maximum drinking-quality water" and Arapahoe aquifer 
water. The injection process was examined before mixing 
at the well and within the aquifer at the point where a 
1:1 mixture was occurring. Use of other mixtures would 
give a more complete picture of saturation and 
precipitation processes that could occur around a well 
during aquifer recharge. Computer runs using different 
proportions would give a better indication of reactions 
occurring within a cylindrical zone around the well. For
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this project, only the 1:1 proportional mix was used to 
give an idea of the reactions that could occur around a 
recharge well in the Arapahoe aquifer.
It is important to keep the geochemical results of 
this study in perspective with regard to time and space.
In the short term, suspended particulate material in the 
injection water may be a more significant cause of well 
screen and aquifer plugging than precipitation of 
saturated mineral phases. Not enough data are available 
to predict reaction rates. Some of the predicted 
reactions may take years to yield precipitates. Also, the 
saturated phases indicated for these particular water 
mixtures can be expected to precipitate at different 
rates, if they precipitate at all.
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5.0 HYDROLOGIC ASSESSMENT
Two hydrologic requirements must be met in order for 
injection recharge to be successful. Since these 
requirements have been discussed in Sections 2.1.2 and 
3.3, they will only be summarized here. The hydrologic 
requirements are the following:
1) There must be adequate storativity available 
within the aquifer for the injected water; and,
2) The transmissivity of the aquifer must be such 
that the injected water can move outward from the 
injection well in a predictable pattern and at a 
predictable rate.
Computer simulations performed prior to actual field 
tests can indicate whether or not these requirements are 
met at a particular site. The model chosen to assess the 
hydrologic conditions for the Denver basin was a modified 
form of a three-dimensional, finite-difference, ground­
water flow model by Trescott (1975). From the results of 
these simulations, the Arapahoe aquifer appears to be a 
viable candidate for injection recharge.
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5.1 Methodology
The scenario of recharging the Arapahoe aquifer with 
drinking-quality water was developed considering the 
previously described potential water sources and known 
areas of depletion. A modified version of Trescott's 
(1975) hydrologic model was used to study the hydrologic 
impacts of injecting drinking water into the Arapahoe 
aquifer.
Trescott's model (1975) has been used in a modified 
form by Robson (1984), and in a further modified form by 
Banta (1988), to study the Denver basin. Robson's and 
Banta's input and calibration data were modified and used 
for the simulations reported here.
A twenty-year time period from 1985 to 2 005 was 
identified for modeling the hydrologic effects of 
recharge. Two scenarios were designed for the 
simulations. The first model used one of Banta's input 
files, which simulated moderate population growth in the 
southern part of the Denver basin between 1985 and 2 005. 
This input file does not incorporate recharge and was used 
as a baseline study for the basin. The second design 
overlaid both recharge and withdrawal onto the previously 
discussed baseline study. This second model had recharge
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occurring for a twenty-year period from 1985 to 2005 with 
increased withdrawal beginning in 1990 and continuing 
through 2005. The two scenarios were compared to see how 
recharge could impact the basin. An explanation of the 
input files for these models is included as Appendix A.
In the initial scenario, the original baseline data 
file (SIMBASE) used by Banta (1988) was run through the 
model to obtain a baseline prediction of water demand and 
use for the basin between 1985 and 2005. This baseline 
reflects moderate growth in the southern portion of the 
Denver basin with a corresponding increase in the number 
of pumping wells and the volume pumped over time. The 
only changes from Banta's original input file were to 
decrease the number of years modeled from one hundred to 
twenty years and to decrease the length of the pumping 
periods from ten to five years. This scenario provides an 
estimation of what could happen in the basin if no actions 
are taken to augment water supply or decrease drawdown.
The impact of the continuing increase in water demand as 
population increases is demonstrated with this scenario.
The second model modified the previously discussed 
baseline input file to include increased recharge into the 
Arapahoe aquifer through injection wells. As modeled, 
recharge occurred between 1985 and 2005 on land owned by
ARTHUR LAKES LUBRa K* 
COLORADO SCHOOL oi MINES 
GOLDEN, COLORADO 80401
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the Willows Water District. Increased discharge occurred 
over a fifteen-year period from 1990 to 2 005 near the town 
of Parker through an existing pumping field (Figure 11).
The Willows Water District was chosen as the location 
of the theoretical well-field as the District already owns 
wells that withdraw water from the Arapahoe aquifer. The 
locations of these wells were used to simulate an 
injection well-field into the Arapahoe aquifer. The 
theoretical well-field injects 53,600 acre-feet of water 
over a twenty-year period from 1985 to 2005. This 
corresponds to an injection rate for the well-field of 
1660 gpm if injection is spread out over the entire year, 
or of 3320 gpm if injection occurs over six relatively 
low-demand winter months. Pumping follows existing 
pumping patterns shown in the baseline model.
After five years of recharge, pumping from the well- 
field in the vicinity of the town of Parker, approximately 
two miles east and two miles south of the injection wells, 
is increased. Twenty thousand acre-feet are pumped from 
these wells over the fifteen-year period from 1990 to 
2005. This corresponds to an increased discharge rate for 
the well-field of 620 gpm if the increased pumping is 
spread out over the entire year, or of 24 3 0 gpm if 





<— contour map 
area
Figure 11. Locations of the injection and discharge well- 
fields and of the Figure 12 through 15 contour 
maps.
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demand summer months. This discharge volume is 
approximately forty percent of the injected volume. The 
objective of this scenario was to assess whether or not 
artificial recharge could have a positive impact on the 
aquifer within a relatively short period of time (i.e. 
twenty years).
5.2 Description of the Hydrologic Model
The model used for this research was written by the 
U.S. Geological Survey for the simulation of ground-water 
flow in three dimensions. The model is based on the 
equation governing the three-dimensional flow of ground 
water through a porous medium (Robson, 1984) .
To simulate a heterogeneous, anisotropic aquifer with 
irregular boundaries, the area of the aquifer is 
subdivided into nodes in which the aquifer properties are 
assumed to be uniform (Robson, 1984) (see Appendix A).
The model uses finite-difference approximations for the 
derivatives at points located at the center of each node. 
The set of finite-difference equations is solved using an 
approximate iterative implicit procedure (Trescott, 1975; 
Trescott and Larson, 1976; Robson, 1984).
The program utilizes the Strongly Implicit Procedure 
(SIP) as SIP converges faster than the iterative
ER-3464 58
Alternating-Direction Implicit procedure (ADI), which is 
used for two-dimensional solutions (Trescott, 197 5). 
Strongly Implicit Procedure is also less subject to round­
off errors than ADI (Trescott, 1975).
Program input includes operational parameters which 
control the progress of the program, and hydrologic 
characteristics of the aquifers. Operational parameters 
include the number of rows, columns, and layers, as well 
as the configuration of the aquifers, and output format. 
Hydrologic characteristics describe the characteristics of 
each grid node, such as the storativity and transmissivity 
of the aquifers being modeled. Appendix A of this report 
describes the input files in greater detail.
5.3 Limitations of the Hydrologic Model
As with any computer model, there are limitations 
which must be recognized when interpreting the results.
The principal limitations include:
1) the simplifying assumptions made in describing 
the aquifer system?
2) the computational scheme used to approximate 
the solution to the basic equation?
3) the accuracy of the values input to approximate
the aquifer characteristics? and,
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4) the initial conditions specified for the model 
simulation (Robson, 1984).
Potential problems also arise due to the anisotropy of the 
aquifers. It should be noted that the model simulations 
are not absolute predictions of future conditions that 
will occur in the aquifers, but rather they are 
predictions of what could occur in the aquifers if the 
modeled recharge and discharge accurately simulates the 
prototype (Robson, 1984).
5.4 Hydrologic Results
The model output consists of row, column, and layer 
tabulations of the model-calculated heads and water-level 
changes from the starting conditions. Heads calculated by 
the model represent the average elevation of the 
potentiometric surface in the area of the grid node 
(Robson, 1984). The model calculated head in a node is 
not equivalent to the head in a pumping well.
A water budget is also calculated as part of the 
model output. This budget summarizes all the recharge, 
discharge, and storage terms developed in the 
computations. An error term is also calculated which can 
be used to judge the computational accuracy of the finite- 
dif ference approximation (Robson, 1984).
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For the purposes of this study, the important results 
are the changes in head seen in the Arapahoe aquifer 
between the baseline scenario and the recharge-pumping 
scenario. These differences are contoured in Figures 12 
through 15 with an explanation of the contour intervals in 
Table 5. Figure 11 shows the location of the contoured 
area in relation to the entire basin. Each of the contour 
map figures represent the difference between the baseline 
and the recharge-pumping scenarios seen at the end of each 
sequential five-year pumping period. To generate the 
contour maps the baseline head values for each grid were 
subtracted from the recharge-pumping scenario grids and 
the differences contoured.
Figure 12 shows the impact the injection well-field 
has on the Arapahoe aquifer after five years of injection. 
In the vicinity of the injection wells, the head in the 
Arapahoe aquifer has increased by 160 feet over the 
baseline conditions.
The second figure (Figure 13) shows the effects of 
both the injection well-field and the pumping well-field 
on the Arapahoe aquifer after ten years of injection and 
five years of pumping. In the vicinity of the recharging 
wells, head in the Arapahoe aquifer is still 160 feet 
higher than in the baseline scenario. The difference can
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Symbol Value (feet)
A 0 to 10
B 10 to 20C 20 to 30
D 30 to 40
E 40 to 50
F 50 to 60G 60 to 70H 70 to 80
I 80 to 90
J 90 to 100
K 100 to 110
L 110 to 120M 120 to 130
N 130 to 140P 140 to 150
Q 150 to 160R 160 to 170
S 170 to 180+ 180 or over
Table 5. Explanation of the contour symbols used in 
Figures 12 through 15.
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Figure 12. Contour map of the difference between the
baseline scenario and the recharge-pumping
scenario at the end of five years.
ER-3464 63
A A A A 4 A ♦ AAAA AAAA4A
AAAAAAAAAAAAAAAAAA
ccccccccccccccccccccc
CCCC CECCC CCC CEIEccc cecCC €€(
cc tf
( ( S( 11
Il-IIXIlXtltIXttx xixixxxi‘ lift
( S S C I S S W  ‘CSSS.cccccc
iiitfiiljfg;CEfIICICECCC ( C C I C C C K E CccciecEeccHHir
cccccccccccccccccccccccccccceccccc
CCC ( 6 11 CC
E 6 IX I PPP PP M(6 I < M  M  II I P RHP 
E S I CC HP PP ti I P  AAE S I  ( M  P « tt P HR CCCE S I  C PR P I t PP RP ISE f 1 1 CC AN M  • P HR IIIE CC XI <c RR PP PP RPR cccEC C I cc RPR PPP HR CCC E 6 X CC PR PH IKK ___ ...EC (6 XI IKK PPRHR CCCC (121 <S<I SS XX I K K  CCCC II! «C«‘ —      H U  U |
m n  <ss
♦a "cc ec sc ” m  m u x 1 SI}4 cc!
a ccc e c  scs n m  m i n i  isss xcss ixtitxixxxxixx csss cc
Ic *!« X11i l i l f ,ai « !»  IllSt CSSS SSSSI c c c






ICC c m c c c k c c m c c c c m j c c c




( S S H 6SSSSS<SS66CSS<<6<ICC S<SS<6S6SSSS<S(EE 66<S666<<<









ccccccc ccccccccc .  . . . . . - _ . . -cccccccccccccccccttccccccccccecttccC C C C C C -" " . . . . . . . . . . . . . . . .......CCCCCC*cccccct_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _CCCCCCCCCCCccccccccccccccccccc
c c cetc
cccccccccccccccccccc
Figure 13. Contour map of the difference between the
baseline scenario and the recharge-pumping
scenario at the end of ten years.
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Figure 14. Contour map of the difference between the
baseline scenario and the recharge-pumping
scenario at the end of fifteen years.
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Figure 15. Contour map of the difference between the
baseline scenario and the recharge-pumping
scenario at the end of twenty years.
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be seen in the vicinity of the pumping wells, where the 
recharging contours seen on the previous figure have been 
distorted by the pumping wells.
By the end of the third pumping period (Figure 14), 
after fifteen years of injection, equilibrium has been 
established between the injection and pumping well-fields. 
The contour lines in the vicinity of the pumping field are 
not as distorted as at the end of the second pumping 
period; however, some distortion is visible in the 
straightness of the contours in this area. The contours 
extend farther into the basin at the end of fifteen years 
than they did after ten years. The western limits of the 
Arapahoe aquifer can be seen in the southwest corner of 
the contour map. Although it is not visible on these 
maps, recharge into the Araphaoe has begun to affect heads 
in the underlying Laramie-Fox Hills aquifer as well as in 
the Arapahoe aquifer.
By the end of the last pumping period (Figure 15), 
twenty years after beginning injection, the recharge mound 
has increased in height in the vicinity of the recharge 
wells and extends farther into the basin. The visible 
effects of the pumping wells have diminished, and the 
difference contours are less curved in the vicinity of the 
pumping wells.
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This series of difference maps shows that recharge 
can impact heads in the Araphoe aquifer. The rate and 
extent of the impact depends on the volumes of water that 
are injected and withdrawn from the aquifer. The 
hydrologic characteristics of the aquifer at the location 
chosen for recharge will also impact the effects of 
recharge. Hydrologic modeling such as this can provide an 
indication as to the suitability of a particular site for 
a recharge well-field. From the modeling conducted in 
this study, the area in the vicinity of the Willows Water 
District appears to be a suitable recharge location. The 
legal restrictions on injecting water at one site and 
removing water from another site still need to be 
clarified; however, the operation appears feasible from a 
preliminary technical standpoint.
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6.0 CONCLUSIONS AND RECOMMENDATIONS
Both geochemical and hydrologic modeling can be used 
to assess the impacts of artificial recharge on the Denver 
basin prior to field testing. Modeling also provides a 
relatively inexpensive method to identify optimum 
locations within the basin for further recharge studies.
Through geochemical modeling with the U.S. Geological 
Survey computer program PHREEQE, recharge of drinking- 
quality water into the Arapahoe aquifer was assessed.
Based on this modeling, recharge into the Arapahoe appears 
to be a viable possibility. Nongeochemical processes, 
such as clogging of the well with particulate material or 
entrained gases, probably pose more immediate problems to 
artificial recharge than do geochemical considerations.
Hydrologic modeling with a version of Trescott's 
(1975) three-dimensional model was used to assess the 
hydrologic effects of recharging the Arapahoe aquifer in 
the vicinity of the Willows Water District. Based on the 
modeled time periods and quantities, recharge in this area 
could have a beneficial impact on the Arapahoe aquifer 
within a twenty-year period. Other areas of the basin may 
be equally viable from a hydrologic viewpoint. The 
Willows Water District was chosen as the injection well-
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field location due to the existence of Arapahoe aquifer 
wells and the fact that this area is showing some of the 
highest population growth rates in the basin.
Recommendations for future researchers include 
additional hydrologic modeling, coupled with specific 
geochemical modeling. Other sites in the basin may be 
equally feasible from a technical standpoint as the site 
at Willows Water District. For this project, the 
geochemical modeling was more basin-wide than specific to 
the area near the Willows site. Water-quality analyses 
specific to the Willows, or other selected sites could be 
combined with drinking-quality water analyses using 
PHREEQE. This would provide a site-specific indication of 
the geochemical limitations to recharge. The ultimate 
test of the feasibility of artificial injection recharge 
would be a field test in the vicinity of the Willows Water 
District. The Willows District has already made some 
attempts to inject drinking-quality water into the 
Arapahoe aquifer. It is hoped that these data will 
become public so that a comparison can be made between 
their field results and the modeling results.
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EXPLANATION OF HYDROLOGIC MODEL INPUT FILES
The model used for this research was a modified form 
of Trescott's (1975) three-dimensional, finite-difference, 
ground-water flow model. The model had been customized to 
the Denver basin by Robson (1984) and later by Banta 
(1988). The computer code and input files were obtained 
from Banta who is with the U.S. Geological Survey in 
Denver, Colorado. The provided code was modified from the 
U.S. Geological Survey PRIME format so that it would run 
on the CSM VAX computer system. The input files were also 
modified as explained below.
Figure 16 shows the surface features of the Denver 
basin overlain by the finite-difference grid used for the 
hydrologic model. The grid divides the modeled area into 
blocks or nodes, which are three-dimensional. The grid is 
composed of 40 columns and 67 rows. The areal dimensions 
of the nodes range from 6 by 1.5 miles at the basin edges, 
to 1.5 miles square in the main portion of the basin. 
Designation (9,25) refers to the block, or node, found at 
the intersection of column 9 and row 25.
For the Denver basin research, four layers were 
modeled. These layers correspond to the four bedrock 
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Figure 16. Finite-difference grid used for the hydrologic 
model (Banta, 1988).
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Two scenarios were modeled for this research. The 
first was the baseline scenario discussed in Section 5 of 
this document. This baseline corresponds to Banta7s 
SIMBASE (1988) input file. For the second, modifications 
were made to this input file to reflect artificial 
recharge and increased discharge in the southern portion 
of the Denver basin.
The baseline used for this research contained the 
same recharge and pumping information as Banta's SIMBASE 
input file. This file reflects moderate growth in the 
southern portion of the basin. The only changes made to 
the file were to shorten the number of years modeled from 
100 to 20 years and to decrease the length of the pumping 
periods from 10 to 5 years.
The recharge-pumping scenario was a modified form of 
the baseline scenario. The only changes were to add an 
injection well-field and a pumping well-field onto the 
existing patterns of infiltration and discharge. Due to 
the existence of Arapahoe aquifer wells at the Willows 
Water District, the district was chosen as the location of 
the injection well-field. On the grid shown in Figure 16, 
the District is located at nodes (9,25) and (9,26). The 
pumping, or discharge, well-field is located near the town 
of Parker at nodes (15,28) and (15,29). The selected
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injection rates (see section 5.1) were chosen based on 
modeling conducted within the basin by Robson.
